We are currently witnessing strong signs of interest in contributions to biological science provided by new structures from the domain of inorganic chemistry. [1] Long overshadowed by an all-encompassing interest in organometallic complexes in catalysis, the bioorganometallic chemistry of transition metals has slowly revealed its unique potential, particularly in terms of medicinal applications, [2] including optimized space-filling for enzyme inhibition purposes, [3] redox activity on specific targets, [4] and antiproliferative effects by Ru catalysts on cancer cells. [5] We can add to these functional attributes the property of intracellular multi-targeting of some anticancer candidates, which could be of interest in delaying or inhibiting problems of resistance. [6] In light of its potential, this area clearly demands further exploration, and indeed the current growth in interest underlines this. [7] In this context we designed and studied organometallic structures with strong antiproliferative potential, namely ferrociphenols, which have the unusual property of possessing a [ferrocenyl-enephenol] motif that is active on cancer cells in a redox environment, [8] allowing the generation of a primary active metabolite of the quinone methide type.
[9] Products FC1, FC2 and FC3 are typical of the active ferrociphenols related to tamoxifen; they are oxidized by chemical oxidants or by liver microsomes into quinone methide FC1-QM, FC2-QM and FC3-QM, respectively ( Figure 1 ).
[9b, 10] Biologically, these species operate via mechanisms of senescence and apoptosis depending on the concentration of compounds and the nature of cancer cells. [11] This type of behavior may provide access to the treatment of cancers that are currently incurable due to their failure to respond to proapoptotic stimuli. QMs are active species that can react with various nucleophiles inside the cell, such as peptides or proteins bearing thiols or selenols. Such reactions between QM and nucleophiles in vivo could lead to cell death via interference with oxidative stress or inactivation of enzymes. [12] We recently reported that targeting thioredoxin reductases by ferrocenyl quinone methides could affect cellular redox balance in Jurkat cancer cells and may be partly responsible for the antiproliferative activity of ferrociphenols. [13] Therefore, it becomes particularly important to undertake a study on the reaction of ferrocenyl QMs with selected nucleophiles. Here we present our results on the reaction of thiol nucleophiles such as glutathione (GSH), N-acetyl-L-cysteine methyl ester (NACM) and mercaptoethanol (ME) with FC-QMs. A series of new compounds resulting from this reaction, the FC-SR adducts, were thus synthesized chemically and also identified upon metabolism of FCs by liver microsomes in the presence of NADPH and thiols. These organometallic thiol adducts not only exhibit potent antiproliferative properties but also show unique behavior under oxidative conditions.
An efficient synthesis of the desired FC-SR adducts involved a nucleophilic attack of thiols on FC-QMs in the presence of a base (Scheme 1). These adducts were formed as a mixture of stereoisomers because of the existence of Z-and E-isomers at the level of the double bond and the presence of a chiral carbon (see for instance Chart SI1 for the stereoisomers of the FC1-SR adducts). Their structures were established by various spectroscopic techniques including an X-ray structure for FC1-ME, which confirmed the 1,8-addition of ME on the quinone methide scaffold (Figure 2 ). [14] Under physiological conditions (50 mM phosphate buffer, 37 °C), we observed the formation of around 40% FC3-SR from the incubation of FC3-QM in the presence of excess NACM or ME at pH 5. This underlined the high reactivity of ferrocenyl QMs towards thiols which made the 1,8 Michael-type addition possible even at an acidic pH that was much lower than the pKa value of thiol deprotonation (～8.3).
Scheme 1.
General method for the synthesis of the FC-SR adducts.
Figure 2.
Molecular structure of FC1-ME as its (S)-E form, thermal ellipsoids are shown at 50%.
Incubation of ferrociphenols with rat liver microsomes in the presence of NADPH (liver microsomes and NADPH: LM) and various thiols led to FC-SR adducts, in addition to the cyclized indene, FC-CP, and allylic alcohols, FC-AA (Scheme 2), metabolites already observed under identical incubations performed in the absence of thiols. [10] Scheme 2. Products obtained from incubation of FC(1-3) with liver microsomes and NADPH (LM); R'=H, OH, O(CH 2 ) 3 NMe 2 .
The FC-SR metabolites exhibited HPLC retention times and MS characteristics identical to those found for authentic samples. The proportion of the conjugates formed upon microsomal incubation of FC1-3 in the presence of GSH, NACM, or ME relative to all metabolites varied between 5 and 40%.
Interestingly, the adducts formed in the presence of GSH represented about 40% of all metabolites for FC2 and FC3 while this proportion decreased to only about 10% for FC1. By comparison, microsomal incubation of 4-hydroxy-tamoxifen, 4-OHTAM, in the presence of GSH has been reported to only give a very small amount of quinone methide-GSH adduct. [15] 
FC2-NACM
[b]
>10 FC2-ME [b] 0.9 ± 0.1 4-OHTAM 30 ± 0.6 [d] [a] Measured after 5 days of culture (mean of two independent experiments in quadruplicate ± SD).
[b] mixture of all stereoisomers.
[c] Values from ref. [10] .
[d] LC 50 values from ref. [18] .
The antiproliferative activity of synthesized FC-SR compounds against hormone-refractory breast cancer MDA-MB-231 cells is shown in Table 1 . We have already shown that quinone methides, FC1-QM and FC3-QM, were less active than their parent compounds, FC1 and FC3.
[9b] This weaker activity could be attributed to the chemical reactivity and unstability of QMs in the incubation medium. Interestingly, the antiproliferative effects of adducts FC1-ME and FC1-NACM were close to that of FC1 and even better than that of FC1-QM. The same phenomenon was also found for compounds FC2-ME and FC2-NACM, which had similar IC 50 values around 0.9 M that were comparable to those of their ferrociphenol precursor. By contrast, GSH adducts, FC1-SG and FC3-SG, exhibited IC 50 values higher than 10 M. This weak activity of FC-SG compounds should be due to the much more difficult membrane penetration of these hydrophilic compounds into the cells. In the case of the FC3 series, FC3-ME and FC3-NACM were 3 and 10 times less active than FC3, respectively. It is likely that this decreased cytotoxicity could be due, as in the case of the GSH adducts, to the more difficult membrane penetration of these adducts that contain two hydrophilic side chains. One can assume that when formed inside the cells from metabolism of ferrociphenols, at the level of the endoplasmic reticulum and close to the important cell targets, these FC-SR adducts would exhibit much higher antiproliferative effects. Anyway, the FC-SR adducts constitute a new class of potent antiproliferative compounds. Moreover, our results suggest that the capture of FC-QMs by nucleophilic thiols in vivo may preserve the antiproliferative effects of the ferrociphenols and their QM metabolites by avoiding the formation of the inactive indene FC-CP metabolites (Scheme 2).
The FC-SR adducts share the same [ferrocenyl-ene-phenol] motif than their FC parent compounds. Thus, the antiproliferative activity of FC-SR could come from their ability to be oxidized into quinone methides. In order to explore this possibility, we first studied the chemical oxidation of FC-SR by Ag 2 O in acetone (Scheme 3). After 30 min at 20 °C, the 1 H NMR spectrum of the mixture clearly showed the quantitative formation of FC-QM. This showed that the FC-SR adducts coming from the addition of thiols on FC-QMs may lead back to their FC-QM precursor in the presence of an oxidant. Interestingly, the FC-QMs obtained from this reaction were mainly in their Z-form, whereas the FC-QMs formed from direct oxidation of FCs were predominantly in their E-form.
[9b] Thus, both precursor compounds
FCs and their FC-SR metabolites could generate FC-QMs under chemical oxidation conditions. The reversibility of the addition of thiols to QMs or α,β-unsaturated carbonyl compounds has been well studied and is referred to as the thiyl radical pathway. [16] The reversible reaction of 4-OHTAM-QM with GSH was also reported to occur under physiological conditions. [15] In the case of the reaction of FC-SR with Ag 2 O, it is likely that a quinone radical derived from a one-electron oxidation of FC-SR was first formed. Elimination of a SR radical would then lead to FC-QM (Scheme 4, Path A). The formation of (Z)-FC-QM as the major isomer may be explained by a steric effect. SR is a bulky group compared to H and the methyl group and, to minimize steric hindrance, SR should position itself at the opposite side of the ferrocenyl group (Scheme 5). Then, elimination of the SR group from this position should lead to the formation of (Z)-FC-QM.
Scheme 3. Fates of the FC-SR adducts under oxidizing conditions.
To further evaluate the possible fates of the FC-SR adducts under more physiological oxidative conditions, we have studied their oxidation either by the horseradish peroxidase (HRP)/H 2 O 2 system or by rat liver microsomes in the presence of NADPH. Incubation of FC3-SG or FC3-NACM with H 2 O 2 /HRP for just a few seconds led to the formation of a major new product that could be detected by UV-vis spectroscopy and LC-MS. The new product showed a strong absorbance around 415 nm that is characteristic of QMs, and its mass spectrum (ESI + ) exhibited a molecular ion corresponding to
FC3-SG-QM (or FC3-NACM-QM)
, which is derived from a two-electron oxidation of the starting FC3-SR adduct (Scheme 4, Path B). This product appeared only transiently, as its acid-catalyzed cyclization led to the corresponding indene compound FC3-SR-CP (Scheme 3) and prevented the isolation of the novel FC3-SR-QM.
Scheme 4.
Proposed oxidative evolution of FC-SR adducts.
Scheme 5. Proposed mechanism of the formation of (E)-and (Z)-FC-QM
Incubation of the FC3-SR adducts (with SR = SG or NACM) with liver microsomes in the presence of NADPH led, after workup, to indene derivatives FC3-SR-CP and FC3-CP that should result from the acid-catalyzed cyclization of FC3-SR-QM and FC3-QM. FC3-CP was characterized by comparison of its HPLC retention time and MS spectrum with those of a previously described authentic sample [10] and FC3-SR-CP was characterized by its UV-vis and MS spectra. In comparison, an HPLC study of the slow evolution of FC3-SG in phosphate buffer alone for one month showed the formation of only 5%-10% of the indene product FC3-SG-CP and the absence of FC3-CP. By contrast, under the same conditions, the 4-OHTAM-SG adduct led to 4-OHTAM-QM. [15] This result shows an important role played by the ferrocenyl group which is to facilitate the formation of a quinone carbenium ion from the quinone radical intermediate derived from the one-electron oxidation of FC-SR. The well-known ability of metallocenes to stabilize adjacent α-carbenium ions should explain the formation of the quinone carbenium ion shown in Scheme 4 and that of organometallic QM-retaining thiols FC-SR-QM after loss of a proton. This role of ferrocene as a carbenium ion-forming "inducer" provides a new addition to the toolbox of ferrocene in organometallics, in addition to its role as an intramolecular oxidation "antenna" and a stabilized carbenium ion "modulator" that we reported previously. [9a,17] These various roles played by the ferrocenyl group on the ferrociphenol scaffold could explain the better antiproliferative activity of ferrociphenols when compared to tamoxifen.
Scheme 6.
Steps involved in the oxidations of ferrociphenols. 
